Abstract Kinetic study by thermal decomposition of antiretroviral drugs, efavirenz (EFV) and lamivudine (3TC), usually present in the HIV cocktail, can be done by individual adjustment of the solid decomposition models. However, in some cases, unacceptable errors are found using this methodology. To circumvent this problem, here is proposed to use a multilayer perceptron neural network, with an appropriate algorithm, which constitutes a linearization of the network by setting weights between the input layer and the intermediate one and the use of kinetic models as activation functions of neurons in the hidden layer. The interconnection weights between that intermediate layer and output layer determine the contribution of each model in the overall fit of the experimental data. Thus, the decomposition is assumed to be a phenomenon that can occur following different kinetic processes. In investigated data, the kinetic thermal decomposition process was best described by R 1 and D 4 models for all temperatures to EFV and 3TC, respectively. The residual error of adjustment over the network is on average 10 3 times lower for EFV and 10 2 times lower for 3TC compared to the best individual kinetic model. These improvements in physical adjustment allow detailed study of the process and therefore a more accurate calculation of the kinetic parameters such as the activation energy and frequency factor. 
Introduction
Lamivudine (3TC) and efavirenz (EFV) are antiretroviral agents, nucleoside-nucleotide inhibitors and non-nucleoside-nucleotide inhibitors, respectively, of reverse transcriptase. These substances are present in HIV cocktail and are responsible for the decrease in spread of the virus through genetic recoding by enzymatic action. Thus, the HIV virus lies dormant and prevents immunosuppression of the patient. Despite the excellent results achieved in recent years, there are reports of resistance and side effects of these drugs, which led to a growing demand for less harmful analogous to patient health. Factors such as the quality and product stability must also be known, since they are important to ensure survival of the patient [1] [2] [3] [4] .
Thermogravimetry (TG) is a thermo analytic technique widely used in the pharmaceutical sciences. It allows the determination of thermal stability and the kinetic parameters through adjusting experimental isotherms using kinetic models reported in the literature [4] [5] [6] . The results are used to control quality of the final products and help in the synthetic route of new drugs [1, 4, 8] . However, in some instances, adjustments of experimental curves promoted by the models have unacceptable errors, providing kinetic parameters of low reliability and discredit of the used methodology. To work around this problem, we suggest a more effective methodology that uses artificial neural networks [9] .
The multilayer perceptron artificial neural network (MLP) used in this study employs an algorithm that sets the weights in the input layer according to the rate constants determined by fitting the experimental data by the kinetic models. This ensures linearization of the network using kinetic models as activation function of the neurons in the intermediate layer. The interconnection weights between that intermediate layer and the output layer determine the contribution of each model in the overall fit of the experimental data [9, 10] .
The MLP network is a robust mathematical method in the study of thermal decomposition, as well as considers the contribution of several models in the process, showing a significant reduction in residual error of the experimental data description. This improvement in the fit process allows detailed study of the physical reaction of thermal decomposition and consequently much more precise calculation of the kinetic parameters.
Kinetic models: theoretical background
The kinetic of solid thermal decomposition is based on nucleation and growth of active nuclei present in the crystal surface. The existence of separate reactive sites related to imperfections in crystals causes an enlargement in the Gibbs energy of the system and hence its reactivity. Several physical models are used to describe the isothermal experimental decomposition fraction, a in function of decomposition time [5] [6] [7] 11] . The physical models are given in Table 1 and are generally classified according to the shape of the curve and its relation with the acceleration and deceleration process.
The decomposition reaction in which the dominant stage is the acceleration step is characterized by presenting only the nucleation phenomenon. In these reactions, the formation of nuclei can occur instantly or with constant nucleation rate and the exponential model is more satisfactory to describe the event. For reactions in which it is observed a chaotic nucleation followed by growth of these nuclei, the Avrami-Erofeev or Prout-Tompkins models are more suitable [6, 7, [11] [12] [13] .
In reactions in which there is only the growth of the nuclei, the deceleration curves are most appropriate, and two phenomena are responsible for their kinetic decomposition: the contraction and diffusion. The contraction is responsible for the rapid development of the nucleus throughout the length of the crystal surfaces. Since diffusion is responsible for controlling the reaction rate, the reaction requires continuity of the transport of reactants to product layer [6, 7, [11] [12] [13] .
The determination of the physical model in the decomposition process is crucial for the kinetic study and can be carried out by microscopy or by commercial software which employ at least three models to fit the experimental data [7] . However, these adjustments do not always show good results, since the overall decomposition process 
takes place in multi-stages, which requires more than one model on its description.
Multilayer perceptron neural network methodology
Artificial neural network consists of a mathematical algorithm based on the biological model for solving linear and nonlinear problems in several areas of science. The processing unit is an artificial neuron, and its architecture is variable, being optimized according to the characteristics of the problem under study [14, 15] . In the treatment of isotherms in thermal analysis, the network proved to be adequate due to the mathematical similarity between the time dependence of the decomposition fraction and the neuron impulse.
The MLP network proposed in this work was based on the algorithm originally proposed by Sebastião et al. [9] and [10] for the study of thermal decomposition of rhodium and rhodium (II) acetate, respectively. The network consists of three layers, one input, one output and an intermediate one. The input and output layers have only one neuron, and the intermediate layer has a variable number of neurons, depending on the number of kinetic models to be considered in the process of decomposition. The first step is to determine the interconnection weights between the input layer and the intermediate layer, which is stored in a vector, W 1 . The values of these weights are determined by the constant rates, k and k 0 obtained from the fit of experimental data by kinetic models. The states of the neurons in the hidden layer are determined by the vector multiplication W 1 and time data, t, received by the neuron in the input layer according to the experimental data. After that, the neurons in the hidden layer receive the quantity W 1 t which has to be activated by chosen activation functions.
In the second stage of the algorithm, the neurons of the intermediate layer are activated in a nonlinear transformation, in which the intermediate neurons are activated by a function corresponding to a mathematical equation of the kinetic model, f W 1 t ð Þ. This step is possible because of the similarity between the kinetic curves and the usual neuron activation functions of the MLP. Only after the activation process, the neurons have conditions to transfer its information to the next layer, the output layer.
In the third step, the neuron on output layer receives the information of the neurons from the intermediate layer, being pondered by weights of interconnection between the intermediate layer and output. These interconnection weights are stored in another vector, W 2 , which are obtained through a network optimization process. A network error function is determined by the difference between the values of the state of the output layer neuron Y cal , and the experimental data of decomposition fraction,
, where
With this network structure is possible to calculate the contribution of each kinetic models used in the process through a Levenberg-Marquardt optimization,
]. Interestingly, this algorithm stands out from others because it is a robust mathematical method in the study of thermal decomposition, and it uses the rate constants as fixed weights of the network enabling network convergence to a coherent physical result, in addition to considering the contribution of several models in the process. So this algorithm becomes a useful tool in the study of thermal decomposition not only of the studied systems, but over to any system of interest. Time/s 
Experimental
The thermal decomposition experimental data for efavirenz and lamivudine were obtained in a thermal balance Shimadzu TGA-50H. The TG curves, shown in Fig. 1 , were obtained in dynamic atmosphere of N 2 at rate of 100 mL min -1 and a heating rate of 20°C min -1 up to desired isothermal temperatures. The initial mass of experimental data is considered after the thermal equilibrium is reached and the final temperature of isotherms is , with m 0 being the initial mass, m t the mass at time t and m f the final mass. The study has to be performed to simulate the natural degradation process of the drug. The inert atmosphere is used to reproduce the phenomena without promote any reaction, as the oxidation for example. Due to significant weight loss at 175°C for the EFV and 225°C for 3TC, Fig. 1 , these experimental curves indicate the beginning temperature of the decomposition process. Thus, the experimental isotherms, five to EFV and nine for 3TC, were obtained under the same conditions of the TG, shown in Fig. 2 .
Results and discussion
The experimental isotherms, shown in Fig. 2 , were used in this study to investigate the kinetic decomposition of the drugs. The neural network intends to indicate the contribution of physical models that best describe the entire process. This is a very important study because it allows estimating the stability of drugs through the kinetic parameters, such as activation energy and the frequency factor.
In the proposed network, the neurons of the intermediate layer are activated by mathematical functions of kinetic models, described in Table 1 , as these functions meet the criteria for functions that are used as activation functions. Thus, the network architecture is constituted by a neuron in the input layer which receives the experimental time data; eleven neurons in the hidden layer, corresponding to the kinetic models and one neuron in the output layer, which represents the decomposition fraction of the data calculated by the network. Initially, the weights of interconnection between the input layer and the intermediate layer are obtained by the constants k and k 0 , being determined by adjusting each isotherm for each physical model. The obtained constants are shown in Table 2 for efavirenz and  Table 3 for lamivudine.
The residual errors for the experimental data fit by the individual kinetic models are shown in Tables 4 and 5 for lamivudine and efavirenz, respectively. Figure 2 shows the 
Error model/10 As can be seen, the network residual error is on average 10 3 times lower than the errors obtained by fitting the individual model for efavirenz and on average, 10 2 times lower for lamivudine. Since the experimental data can be reproduced with five to six significant figures for both samples at all studied temperatures, one can state the accuracy of the methodology and certify the obtained models as the most appropriate functions to describe the experimental data.
This decrease in the residual error if compared with individual adjustment promoted by the models can be explained based on the correction in the mathematical function of the kinetic models. The degree of freedom added to the models through the vector elements W 2 is an important correction factor. For instance, in the decomposition sigmoid model, for a long time, the decomposition fraction must not be unitary and residue must be taken into account, being represented by this vector element. The values of contribution for each model, W 2 vector elements, in the description of the efavirenz and lamivudine thermal decomposition at each temperature are shown in Tables 4 and 5 , respectively. These values were normalized due to the higher contribution at each temperature.
Through the analysis of the results, it is possible to determine the model or set of models that best describe the thermal decomposition phenomenon of drugs present in the anti-HIV cocktail under study. Figure 3 shows a representation of the models that had lower residual error and consequently elevated contributions to the fit of the experimental curves. As can be seen in Fig. 3 , the model of one-dimensional contraction, R 1 , and diffusion model Ginstling-Brounshtein, D 4 , are the models that best describe the decomposition process for EFV and 3TC, respectively. Based on these results, two further networks were proposed considering only R 1 models for efavirenz and D 4 to lamivudine. Thus, only one neuron in the hidden layer is used, but a degree of freedom is added to the kinetic model function with the weight adjustment between the intermediate layer and the output layer. Figure 4 shows the residual error of the two networks. As can be seen, the network error is much smaller at all studied temperatures. The activation energy, E a , and the frequency factor, ln (A) were determined using the rate constants obtained by the models that had lower error in experimental data adjustment. Considering the Arrhenius theory, the matched values are E a ¼ 75:230 kJ mol À1 and ln A ð Þ ¼ 3:2190 Â 10 À16 s À1 for EFV and E a ¼ 103:25 kJ mol À1 and ln A ð Þ ¼ 2:5587 Â 10 3 s À1 to 3TC. The studied kinetic models describe first order kinetic processes, so the lifetime can be evaluated from the rate constants calculated in each temperature.
Conclusions
The thermal decomposition process of antiretroviral drugs efavirenz and lamivudine, present in the anti-HIV cocktail, is studied in this work using artificial neural network. Since the solid decomposition models show similar curves to the nervous impulse, two MLP networks, one for each substance, have been proposed using eleven physical models as activation functions in the hidden layer. This methodology is possible by setting the interconnection weights between the input layer and the intermediate layer with the values of calculated rate constants for each model.
The proposed algorithm makes the neural network not lose chemical information during its optimization process, and the network becomes a powerful mathematical tool for treating thermal decomposition phenomenon of substances, since their residual errors are much smaller when compared to adjustments of the individual models separately. Furthermore, with this approach, it is possible to calculate the individual contribution of each model and assuming the process as a combination of models in describing the experimental data. Another correction proposed by the neural network is to consider the correct asymptotic value of the decomposition fraction. Thus, there is a significant reduction in residual error adjustment by the network. The results of this study confirm the superiority of the neural network for the study of decomposition for both drugs, which allow detailed study of the physical process and therefore the more accurate calculation of the kinetic parameters.
The described methodology is not restricted to the lamivudine and efavirenz drugs, suggesting a powerful routine method for kinetic studies of the thermal decomposition process. For applications in the pharmaceutical area, this model can be used to predict the thermal decomposition and stability of the drugs to assess the shelflife time.
